Objectives: Inhibitors of the glucagon-like peptide-1 (GLP-1)-degrading enzyme, dipeptidyl peptidase IV (DPPIV), are being explored in the treatment of diabetes. We examined the long-term influence of a selective, orally active inhibitor of DPPIV (NVP DPP728), in normal female C57BL/6J mice and such mice rendered glucose-intolerant and insulin-resistant by feeding a high-fat diet. Design: In mice fed a standard diet (11% fat) or a high-fat diet (58% fat), NVP DPP728 (0.12 mmol/g body weight) was administered in the drinking water for an 8 week period. Results: DPPIV inhibition reduced plasma DPPIV activity to 0:01^0:03 mU=ml vs 3:26^0:19 mU=ml in controls ðP , 0:001Þ: Glucose tolerance after gastric glucose gavage, as judged by the area under the curve for plasma glucose levels over the 120 min study period, was increased after 8 weeks by NVP DPP728 in mice fed normal diet ðP ¼ 0:029Þ and in mice fed a high-fat diet ðP ¼ 0:036Þ: This was accompanied by increased plasma levels of insulin and intact GLP-1. Glucose-stimulated insulin secretion from islets isolated from NVP DPP728-treated animals after 8 weeks of treatment was increased as compared with islets from control animals at 5.6, 8.3 and 11.1 mmol/l glucose both in mice fed normal diet and in mice fed a high-fat diet (both P , 0:05). Islet insulin and glucagon immunocytochemistry revealed that NVP DPP728 did not affect the islet architecture. However, the expression of immunoreactive glucose transporter isoform-2 (GLUT-2) was increased by DPPIV inhibition, and in mice fed a high-fat diet, islet size was reduced after treatment with NVP DPP728 from 16:7^2:6 £ 10 3 mm 2 in controls to 7:6^1:0 £ 10 3 mm 2 ðP ¼ 0:0019Þ: Conclusion: Long-term DPPIV inhibition improves glucose tolerance in both normal and glucose-intolerant mice through improved islet function as judged by increased GLUT-2 expression, increased insulin secretion and protection from increased islet size in insulin resistance.
Introduction
The gut incretin hormones, glucagon-like peptide-1 (GLP-1) and gastric inhibitory polypeptide (GIP) are both released in response to ingested nutrients and they both augment insulin secretion (1 -3) . They are of main importance for a normal glucose tolerance after meal intake, as is illustrated by studies showing that GLP-1 and GIP receptor antagonists induce glucose intolerance in humans and rats (4, 5) , and that mice having a genetic deletion of their respective receptors display glucose intolerance after oral glucose (6, 7) . GLP-1 is also considered a potential therapeutic agent for type 2 diabetes because it stimulates insulin secretion in a glucose-dependent manner, inhibits glucagon secretion and delays gastric emptying, which together result in reduced circulating glucose (3) . However, the usefulness of GLP-1 in the treatment of diabetes is hampered by the short half-life of the hormone, being only approximately 1 min (8) , because the clearance of the peptide is larger than cardiac output. This makes GLP-1 unattractive for chronic therapy because multiple daily injections or continuous infusion by devices would be required to achieve sustained glycemic control. One approach to overcome this drawback is to inhibit the degradation of endogenously secreted GLP-1 to prolong the circulating half-life of the hormone (8) . The enzyme responsible for the degradation of GLP-1, and also for GIP, is dipeptidyl peptidase IV (DPPIV), which is an enzyme distributed throughout the body both in plasma and in the endothelial lining of several organs, such as kidney, liver and intestine (9) . It cleaves a number of biologically active peptides by removing the first two N-terminal amino acids provided that the amino acid in position two is proline or alanine, as in GLP-1 and GIP (9 -11) . The resulting N-terminally truncated forms of GLP-1 and GIP are devoid of insulinotropic activity (8, 12) and, therefore, the degradation of the peptides by DPPIV is an inactivation process. In fact, the degradation of GLP-1 and GIP by DPPIV is the major inactivation mechanism of these incretins and the cause of their short half-lives (8, 13, 14) . Consequently, inhibition of DPPIV considerably increases the levels and prolongs the circulating half-lives of the active form of the two hormones (8, 15 -17) . Therefore, DPPIV inhibition will be antidiabetogenic, which is illustrated by findings that DPPIV-deficient mice and rats show improved glucose tolerance and increased insulin secretion after oral glucose (18, 19) . Hence, DPPIV is a new potential target for treatment of diabetes (8) . A few studies have also examined this possibility by using pharmacological inhibition of DPPIV in short-term experiments.
Thus, in short-term studies, pharmacological inhibition of DPPIV has been shown to improve glucose tolerance in Zucker rats using both isoleucine thiazolidide (20) and the selective, orally active inhibitor NVP DPP728 (16) , and in mice fed high-fat diet (17) and in Fischer rats (19) using valine pyrrolidide. A recent preliminary study has also demonstrated that NVP DPP728 improves glucose tolerance in human subjects with type 2 diabetes (21). However, since these previous studies examined the influence of DPPIV inhibition only on a short-term basis, the long-term effects of DPPIV inhibition have not been studied. On a long-term basis, additional effects of the incretins may be achieved, because GLP-1 stimulates insulin gene transcription and biosynthesis (22, 23) and augments beta-cell differentiation and growth (24) . To examine the long-term effects of DPPIV inhibition, we have in this study examined the influence on glucose tolerance, insulin secretion and islet morphology of 8 weeks of inhibition of DPPIV in C57BL/6J mice rendered glucose-intolerant by feeding a high-fat diet. We have previously shown that high-fat feeding of C57BL/6J mice results in glucose intolerance (25) , which is improved by acute administration of the DPPIV inhibitor valine pyrrolidide, in conjunction with increased insulin secretion (17) . We have also previously shown that exogenous administration of GLP-1 to mice of this strain fed a high-fat diet results in an augmented insulin response when compared with the response in mice fed normal diet, as a sign of upregulated GLP-1 signaling (26) . This is in partial contradiction to a study in humans with impaired glucose tolerance where the insulin response to GLP-1 has been shown to be impaired (27) , although preserved GLP-1 action has also been demonstrated in subjects with type 2 diabetes (28). However, the preserved or augmented insulin response to GLP-1 in the mouse model fed a high fat diet suggests that this mouse model would be of particular interest for evaluating the potential influence of DPPIV inhibition on islet function and glucose tolerance. In the present study, longterm DPPIV inhibition was achieved by means of NVP DPP728 administered in the drinking water. NVP DPP728 is an orally active, highly selective and highly potent inhibitor of DPPIV (29) .
Materials and methods

Animals
Female mice of the C57BL/6J strain were obtained from M&B A/S, Ry, Denmark, at 4 weeks of age. One week after arrival, the mice were given either a high-fat diet or an ordinary rodent chow diet (both diets from Research Diets, New Brunswick, NJ, USA). On a caloric base, the high-fat diet consisted of 16.4% protein, 25.6% carbohydrates and 58.0% fat (total 23.4 kJ/g), whereas the control diet consisted of 25.8% protein, 62.8% carbohydrates and 11.4% fat (total 12.6 kJ/g). Throughout the study period, the mice had free access to food and water. Five mice were kept per cage in a temperature-controlled (22 8C) room with a 12 h light:12 h darkness cycle with lights on at 0600 h. The study was approved by the Animal Ethics Committee at Lund University.
Experiments
At 5 weeks of age, the mice were divided into four groups given normal or high-fat diet, each of these groups being subdivided into one control group and one group given NVP DPP728. NVP DPP728 (kind gift from Novartis Pharmaceutical Corporation, East Hanover, NJ, USA) is water soluble and was added to the drinking water at a concentration of 1 mmol/ml water resulting in a daily dose of NVP DPP728 of 0.12 mmol/g body weight. The study lasted for 8 weeks. Body weight, food and water intake were regularly measured. After 1 week, blood samples were taken at 1000 and 1600 h, and at 1000 h the next day in NVP DPP728-treated mice, and at 1000 h in control mice for measurement of plasma DPPIV activity. After 4 and 8 weeks, an oral glucose tolerance test was carried out, and at the end of the 8 week study period pancreatic islets were isolated for the in vitro study of glucose-stimulated insulin secretion or the whole pancreas was taken for morphological analysis.
Gastric glucose gavage
Mice fasted for 2 h were anesthetized with an i.p. injection of 0.14 mg/mouse midazolam (Dormicum; Hoffman-La-Roche, Basel, Switzerland) and a combination of 0.9 mg/mouse fluanison and 0.02 mg/mouse fentanyl (Hypnorm; Janssen, Beerse, Belgium). At 30 min after induction of anesthesia, a baseline blood sample was taken from the retrobulbar, intraorbital, capillary plexus, whereafter 150 mg/mouse D-glucose (British Drug Houses Ltd, Poole, Dorset, UK) was administered through a gavage tube (volume load 0.25 ml). Thereafter, new blood samples were taken at 10, 30, 60, 90 and 120 min. The samples were taken in heparinized pipettes and placed into tubes which were stored on ice. Following centrifugation, plasma was separated and stored at 2 20 8C until analysis for glucose, insulin and intact GLP-1.
Insulin secretion in vitro
Pancreatic islets from the four groups of mice were isolated by collagenase digestion in Hanks' balanced salt solution (HBSS) (Sigma Chemical Co., Poole, Dorset, UK). In brief, after a midline laparatomy, the common bile duct was cannulated and ligated at the papilla Vateri. The pancreas was filled with 3 ml ice-cold HBSS supplemented with 0.4 mg/ml collagenase P (Boehringer Mannheim GmbH, Mannheim, Germany) before removal and incubation at 37 8C for 19 min. After washing three times in modified HBSS, containing 125 mmol/l NaCl, 5.9 mmol/l KCl, 1.28 mmol/l CaCl 2 , 1.2 mmol/l MgCl 2 , 25 mmol/l Hepes, 3.3 mmol/l glucose and 0.1% human serum albumin (pH 7.36), the islets were preincubated in the same medium for 60 min. Thereafter, three islets were incubated in 100 ml medium for 60 min at 37 8C in the presence of different glucose concentrations. After incubation, aliquots of 25 ml in duplicate were collected and stored at 2 20 8C until analysis of insulin content.
Analyses
Plasma DPPIV activity was measured using an assay based on a modification described previously (15) of a published method (30) . In brief, aliquots of plasma were incubated with substrate (Gly-Pro-AMC, where AMC is 7-amino-4-methylcoumarin) (Bachem, King of Prussia, PA, USA). Free AMC was generated in proportion to DPPIV activity and was measured by fluorimetry. Catalytic DPPIV activity is expressed as mU/ml, where 1 U is equal to 1 mmol substrate cleaved per minute. Plasma insulin was determined by RIA with the use of a guinea pig anti-rat insulin antibody, 125 Ilabeled porcine insulin as tracer and rat insulin as standard (Linco Research, St Charles, MO, USA). Free and bound radioactivity were separated by use of an antiIgG (goat anti-guinea pig) antibody (Linco). N-terminal GLP-1 imunoreactivity was measured radioimmunochemically as described previously (31), except for the use of antiserum Her4 (D Bataille, Montpellier, France). This assay is specific for the intact N-terminus of GLP-1, and cross-reacts less than 0.1% with GLP-1(9 -36)amide, and approximately 2% with the structurally related peptides GLP-1(1 -36)amide and the major proglucagon fragment (proglucagon(72 -158)) secreted from the pancreas. Valine pyrrolidide (0.01 mmol/l final concentration) was added to the assay buffer to prevent N-terminal degradation of GLP-1 during the assay incubation. HPLC supports the use of RIAs with specificity for determination of intact GLP-1 (32) . Plasma samples were extracted with 70% ethanol (v/v, final concentration) before assay, giving recoveries of 75% (33) . Standard and 125 I-labeled tracers were GLP-1(7 -36)amide, and separation of bound from free peptide was achieved using plasma-coated charcoal. The intra-assay coefficient of variation was less than 6%. Plasma glucose concentrations were determined with the glucose oxidase technique.
Islet morphology
Animals were killed under anesthesia by exsanguination and their pancreata were collected. The tissue specimens were fixed in Stefanini's fixative (4% p-formaldehyde in 0.1 mol/l PBS containing 0.1% picric acid) for at least 4 h, washed in PBS and cryopreserved by immersion in 20% (w/v) sucrose in PBS overnight. Pancreata were then frozen in OCT compound (Sakawa, Tokyo, Japan) and cryosectioned at 10 mm. Cryosections of pancreas were incubated with antibodies diluted in PBS containing 0.25% Triton-X and 0.25% BSA. Insulin was detected by a guinea pig anti-rat proinsulin antiserum (dilution 1:1280), glucagon by a rabbit anti-glicentin antiserum (dilution 1:10 560; both from Eurodiagnostica, Malmö, Sweden) and glucose transporter isoform-2 (GLUT-2) by a rabbit anti-rat GLUT-2 antiserum (34) (dilution 1:200) (from Chemicon International, Inc., Temecula, CA, USA). Antisera conjugated with Alexa fluorochromes were used as secondary antibodies (goat anti-guinea pig Alexa546 and goat anti-rabbit Alexa488 respectively, both diluted at 1:300) (Molecular Probes, Leiden, The Netherlands). In double-staining experiments, insulin and glucagon immunostaining was detected in an Olympus BX 51 microscope (Malmö, Sweden) allowing the visualization of Alexa488 and Alexa546 fluorochromes at the same time. Digital images of the specimen were made with an Olympus DP-50 camera and transferred to a personal computer equipped with the software NIH Image 1.06. Islet size was determined from the immunohistochemical staining by interactively defining the outline of each individual islet and the area covered was determined with NIH Image after calibration with a microscale. A total of five to seven sections from each pancreas was analyzed; pancreata were taken from eight animals in each group.
Calculations and statistics
Means^S.E.M. are shown. Areas under the curve (AUC) for plasma insulin levels (AUC insulin ) and plasma glucose levels (AUC glucose ) were calculated by the trapezoidal rule. Statistical analyses were performed with the Statistical Package for Social Sciences (SPSS) for Windows. Statistical comparisons between groups in vivo were performed with Student's t-test and the statistical comparison of the in vitro studies were performed by ANOVA.
Results
Body weight, food and water intake C57BL/6J mice were given high-fat diet from the age of 5 weeks for a period of 8 weeks. Fifty percent of the animals in each group (normal mice and mice fed high fat) were given the DPPIV inhibitor, NVP DPP728, in the drinking water. Figure 1 shows that body weight increased more in the high-fat diet group than in the normal diet group. Body weight was not affected by NVP DPP728. Nevertheless, food intake during the last week of the study was slightly lower in mice given NVP DPP728, both in those given normal diet (1.7% lower, P ¼ 0:046) and in those given high-fat diet (9.1% lower, P , 0:001). Water intake averaged 2:70 :2 ml=mouse per day in mice fed normal diet vs 3:40 :3 ml=mouse per day in mice given high-fat diet, with no difference between control and NVP DPP728-treated mice. After correcting for the body weight, mice fed normal diet had a daily water intake of 0:130 :01 ml=g body weight vs 0:12^0:01 ml=g body weight in mice fed high-fat diet ðP ¼ 0:529Þ: This in turn resulted in an equivalent dose of NVP DPP728 for the two groups when expressed per gram body weight.
Plasma DPPIV activity
After 1 week of treatment with NVP DPP728, plasma DPPIV activity was determined. In samples taken at 1000 h, plasma DPPIV activity was 3:26^0:19 mU=ml in control mice whereas in NVP DPP728-treated mice, plasma DPPIV activity was only 0:10^0:03 mU=ml ðP , 0:001Þ: There was no difference between normal diet mice and mice fed high-fat diet. In NVP DPP728-treated mice, plasma DPPIV activity was very low also in samples taken at 1600 h ð0:290 :l7 mU=mlÞ and at 1000 h the next day ð0:100 :11 mU=mlÞ: Hence, NVP DPP728 markedly reduced the 24 h plasma DPPIV activity.
Glucose and insulin after gastric glucose
After 4 and 8 weeks, glucose was given by gastric gavage in all four groups of mice. Figures 2 and 3 show the glucose and insulin data and Table 1 the AUC glucose and AUC insulin during the 120 min study period. In mice fed a normal diet, glucose levels were reduced after the glucose load by NVP DPP728 after both 4 and 8 weeks and this was accompanied by increased insulin response. In mice fed high-fat diet, glucose levels after the glucose load were significantly reduced by NVP DPP728 after 8 weeks but not significantly after 4 weeks, although the insulin responses were increased after both 4 and 8 weeks. Glucose levels were in general higher after 4 than after 8 weeks in mice fed both normal diet and high-fat diet, which most likely is due to different distribution kinetics of glucose in growing mice. For that reason, it is possible only to compare mice of the same age.
GLP-1 after gastric glucose
Plasma levels of intact GLP-1 increased after the glucose gavage in mice with the peak level seen at 10 min (Figs 2 and 3) . The increase in GLP-1 levels after gastric glucose showed a tendency to be exaggerated in NVP DPP728-treated animals at both 4 and 8 weeks, although these differences did not reach statistical significance. However, when combining the two tests together, a significantly exaggerated 10 min GLP-1 response was evident in NVP DPP728-treated animals, both in the group given normal diet (10 min D being 17^3 vs 4^2 pmol=l; P ¼ 0:021) and in the group given high-fat diet (10 min D being 12^2 vs 5^2 pmol=l; P ¼ 0:034).
Insulin secretion in vitro
After 8 weeks of study, islets were isolated and glucosestimulated insulin secretion was examined following a Figure 1 Body weight through an 8 week period of C57BL/6J mice fed high-fat diet or normal diet and given the DPPIV inhibitor NVP DPP728 in the drinking water. Controls were given drinking water without NVP DPP728. Food intake during the last week of the study and shown as g/mouse/week. Means^S.E.M. There were 16 animals in each of the four groups. *P , 0:05; ***P , 0:001: 60 min incubation. Figure 4 shows that in both mice fed normal diet and mice fed high-fat diet an increased insulin response to glucose was evident in the medium range of glucose concentrations in islets isolated from mice given NVP DPP728, when compared with islets isolated from control mice.
Islet morphology and size
Double immunofluorescence showed that the relative distribution of insulin-and glucagon-containing cells was not changed in animals given NVP DPP728, after feeding either normal diet or high-fat diet (Fig. 5) . Hence, the islet cytoarchitecutre did not differ between the groups; in all groups of mice, the central core of the islet consisted of insulin cells whereas glucagon cells occurred in the peripheral mantle zone. However, the intensity of GLUT-2 immunoreactivity differed between the groups. Thus, although GLUT-2 immunoreactivity was seen in the plasma membrane of the cells in all examined islets its intensity was increased in mice given NVP DPP728 (Fig. 6) . By interactively defining the outline of individual islets, islet size was determined. It was found that islet size in mice fed normal diet and given NVP DPP728 was 5:9^0:6 £ 10 3 mm 2 (n ¼ 98 islets from Figure 2 Plasma levels of glucose and insulin after administration of glucose (150 mg) through oral gavage to C57BL/6J mice which had been fed normal diet and given 4 or 8 weeks of treatment with the DPPIV inhibitor NVP DPP728 in the drinking water. Controls were given drinking water without NVP DPP728. Means^S.E.M. There were 16 animals in each of the four groups. The lower right panel displays plasma levels of intact GLP-1 when the two tests were combined. *P , 0:05; **P , 0:01:
five animals) vs 5:6^0:8 £ 10 3 (n ¼ 59 islets from five animals) in controls ðP ¼ 0:830Þ: In mice fed high-fat diet and given NVP DPP728, islet size was significantly lower (7:6^1:0 £ 10 3 mm 2 ; n ¼ 75 islets from five animals) than in controls (16:7^2:6 £ 10 3 mm 2 ; n ¼ 74 islets from five animals, P ¼ 0:0019). Hence, NVP DPP728 counteracted the increase in islet size after feeding high-fat diet.
Discussion
Previous studies on the potential use of DPPIV inhibition in the treatment of diabetes have examined different DPPIV inhibitors in short-term studies only (16, 17, 20, 21) . To examine the concept of DPPIV inhibition and improvement of glucose tolerance on a more long-term basis, this study examined the influence of DPPIV inhibition over an 8 week period on glucose tolerance, insulin secretion and islet morphology in normal and glucose-intolerant mice. As long-term inhibition, we used the DPPIV inhibitor NVP DPP728, which has been shown to be orally active, highly potent and highly selective for inhibition of the enzyme (29) . We also verified in this study that administration of the substance in the drinking water markedly reduced plasma DPPIV activity. The main finding of the study is that 8 weeks of continuous Figure 3 Plasma levels of glucose and insulin after administration of glucose (150 mg) through oral gavage to C57BL/6J mice which had been fed high-fat diet and given 4 or 8 weeks of treatment with the DPPIV inhibitor NVP DPP728 in the drinking water. Controls were given drinking water without NVP DPP728. Means^S.E.M. There were 16 animals in each of the four groups. The lower right panel displays plasma levels of intact GLP-1 when the two tests were combined. *P , 0:05; **P , 0:01:
DPPIV inhibition improves glucose tolerance along with increased GLP-1 and insulin levels, augmented insulin secretion and GLUT-2 expression, and reduced (preserved) islet size in glucose-intolerant mice. The study therefore supports the view that DPPIV inhibition improves glucose intolerance also on a long-term basis and that this is due to improved islet function. This extends the previous demonstration that short-term DPPIV inhibition improves glucose tolerance in animal models of diabetes and humans (16, 17, 20, 21) further supporting the potential usefulness of this strategy for the treatment of type 2 diabetes (cf. (8)). Further studies will establish whether also other mechanisms, such as delayed gastric emptying and inhibited glucagon levels or the inactivation of other biologically active peptides of importance for glucose tolerance, such as GIP, might contribute.
After 8 weeks of treatment, islets were isolated and the glucose-stimulated insulin secretion was examined under in vitro conditions in the absence of continued compound exposure. It was found that the insulin response to glucose was augmented at glucose levels in the medium range of the dose -response curve whereas maximal glucose-stimulated insulin secretion was not increased. This is in agreement with previous results of an increased glucose responsiveness in islets incubated with GLP-1 (35) . This action is thus preserved also throughout a long-term treatment period, which is of importance when considering the longterm utility of this treatment for diabetes. The increased glucose sensitivity of the islets after NVP DPP728 might be caused by the increased expression of GLUT-2, as evident by the immunostaining, because GLUT-2 is the protein responsible for facilitated transport of glucose into rodent beta-cells (34, 36) . Hence, although no direct studies were undertaken on glucose uptake or glucose utilization, it may be proposed that long-term treatment with DPPIV inhibition will through increased GLUT-2 expression augment glucose uptake, eliciting a more pronounced insulin response for a given circulating glucose level, in analogy to the reduced glucose-stimulated insulin secretion observed in GLUT-2-null islets (37) and the reduction of islet GLUT-2 expression accompanying development of diabetes in animal models (38) . Table 1 Baseline glucose and insulin levels and the suprabasal AUCs for glucose (120 min) and insulin (60 min) after gastric glucose in C57BL/6J mice fed high-fat diet and mice fed normal diet given the DPPIV inhibitor NVP DPP728 in the drinking water for 8 weeks. Controls were given drinking water without NVP DPP728. The experiments were undertaken after 4 and 8 weeks. Means^S.E.M. are shown. There were 16 animals in each of the four groups.
Normal diet
High-fat diet Figure 4 Insulin secretion in response to 60 min incubation of islets in different glucose concentrations. Islets were isolated from C57BL/6J mice which had been fed high-fat diet or control diet and given 8 weeks of treatment with the DPPIV inhibitor NVP DPP728 in the drinking water. Controls were given drinking water without NVP DPP728. Means^S.E.M. There were eight animals in each of the four groups. *P , 0:05; **P , 0:01:
GLP-1 has been shown to stimulate beta-cell differentiation and growth, mainly through augmentation of the expression of transcription factors such as PDX-1 (24) . It would therefore potentially be expected that long-term DPPIV inhibition would increase islet size and beta-cell mass. However, we found in control mice that islet size was not affected by the long-term DPPIV inhibition. We also found that in conjunction with the improved glucose tolerance and increased insulin secretion, DPPIV inhibition reduced islet size in mice fed a high-fat diet. This is in analogy to a recent study showing that a 2 week administration of the GLP-1 analogue NN2211 improves glucose tolerance and insulin secretion in Zucker diabetic fatty rats, without any increase in islet mass (39) . We interpret these findings as being the consequence of improved islet function, reducing the potent stimuli for increase in islet mass which is exerted by hyperglycemia. Hence, a long-term reduction of the stimuli for islet regeneration in severe insulin resistance in combination with preserved islet function might have developed after DPPIV inhibition. This action is apparently observed without any improvement in insulin resistance per se, as evident by the results that baseline insulin levels were not reduced by NVP DPP728 in mice fed high-fat diet and that there seemed to be a discrepancy between the magnitude of effects on insulin and glucose levels after oral glucose in mice fed normal diet. Thus, insulin levels seemed disproportionally increased in relation to improvement of glucose tolerance. The potential effect of GLP-1 or GLP-1 receptor agonism on insulin sensitivity is controversial, because studies demonstrating both a stimulation of insulin sensitivity (40, 41) and no effect (42, 43) have been reported, and in a previous study in mice, we reported that after acute challenge with GLP-1, insulin sensitivity was transiently reduced (44) . Altogether, this suggests that the preservation of islet size in insulin resistance by NVP DPP728 is not explained by reduced insulin resistance, but rather by the improved islet function per se, which diminishes stimuli for increase in islet size, such as the hyperglycemia. When evaluating the relative changes in insulin vs glucose after a glucose challenge in mice, it should also be kept in mind that, in this species, insulin is of lesser relative importance for glucose disappearance rate than is usually observed in humans, because insulin-independent effects, so-called glucose effectiveness, contribute to a larger degree (45) . Therefore, the potential influence of NVP DPP728 on insulin sensitivity is difficult to assess from the results in the present study.
It is known that GLP-1 is expressed not only in the intestinal L-cells, but also in brain neurons localized mainly in the solitary tract. These neurons receive afferent information from the gastrointestinal tract and project to the hypothalamus (46, 47) . Furthermore, GLP-1 receptors are expressed in hypothalamic nuclei of relevance for the regulation of appetite control (48) and when administered in the third cerebral ventricle in rats, GLP-1 induces satiety by an effect inhibited by GLP-1 receptor antagonism (49) . GLP-1 may therefore be involved in the regulation of food intake and in light of this it was of interest that mice given NVP DPP728 exhibited a slightly reduced food intake after the 8 week study period. The reduction in food intake was small, however, and not reflected in a Figure 5 Immunofluorescence staining for insulin and glucagon of pancreatic sections from C57BL/6J mice fed a normal diet (a, b) or a high-fat diet (c, d) and given 8 weeks of treatment with the DPPIV inhibitor NVP DPP728 in the drinking water (b, d). Controls were given drinking water without NVP DPP728 (a, c). Insulin (grey staining) is contained in the core zone of the islet, while glucagon (white staining) is found in the mantle zone. The cytoarchitecture of the islet is not disturbed in response to treatment. However, islets from mice given NVP DPP728 were consistently smaller than islets from control mice. As expected, islets from high-fat diet mice were larger than islets from mice fed normal diet.
reduced body weight. Nevertheless, this adds to the potential usefulness of this approach in the treatment of type 2 diabetes.
Although DPPIV is the enzyme responsible for the degradation of GLP-1 and we found that GLP-1 levels were increased in the mice after long-term DPPIV inhibition, the enzyme is also responsible for the degradation of other biologically active peptides of potential influence on insulin secretion and glucose turnover, as for example the gluco incretin GIP (9, 10) . Hence, the beneficial effect of DPPIV inhibition on glucose tolerance might be executed also by these other peptides. To what extent these peptides contribute is, however, not established by the present study. Further studies, for example in GLP-1 receptor-deficient mice (6) , are required for establishing the mechanisms involved.
In conclusion, this long-term study in mice rendered glucose-intolerant by feeding a high-fat diet, DPPIV inhibition improves glucose intolerance along with a potentiated insulin secretion, which is due to increased glucose responsiveness of the islets possibly by increased GLUT-2 expression. Furthermore, the improved metabolism by DPPIV inhibition reduces the stimuli for islet hyperplasia/hypertrophy and therefore the increased islet size in insulin-resistant animals, and therefore preserves islet function. The study therefore shows that long-term DPPIV inhibition is feasible for the treatment of glucose intolerance through improvement of islet function and should be further explored as a potential treatment for type 2 diabetes. Figure 6 Immunofluorescence staining for GLUT-2 of pancreatic sections from C57BL/6J mice fed a normal diet or a high-fat diet and given 8 weeks of treatment with the DPPIV inhibitor NVP DPP728 in the drinking water. Controls were given drinking water without NVP DPP728. Sections from (a) a control mouse given normal diet, (b) a mouse given normal diet and NVP DPP728, (c) a mouse given high-fat diet, and (d) a mouse given high-fat diet and NVP DPP728. GLUT-2 is localized to the plasma membranes and islets from mice given NVP DPP728 showed consistently more abundant GLUT-2 immunoreactivity. *P , 0:05; **P , 0:01 vs without NVP DPP728.
